In this paper, results of a three-dimensional finite element study addressing the effect of and maximum horizontal bearing capacity factors. The undrained response of caisson 8 foundations under combined V-H and V-M load space is studied and presented using 9 failure envelopes generated with side-swipe method. The kinematic mechanism 10 accompanying failure under uniaxial loading is addressed and presented for different 11 embedment ratios. Predictions of the uniaxial bearing capacities are compared with other 12 models and it is confirmed that the proposed equations appropriately describe the 13 capacity of caisson foundations under uniaxial vertical, horizontal and moment loading in 14 homogenous undrained soils. The results of this paper can be used as a basis for standard 15 design codes of off-shore skirted shallow foundations which will be the first of its kind. 16
Introduction
A suction caisson consists of a thin-walled upturned 'bucket' of cylindrical shape made 19 from steel. This type of foundation has proven to be efficient and versatile as a support 20 for offshore structures and appears to be a very attractive option for future use in offshore 21 wind turbines [1] [2] [3] [4] . The thin caisson wall facilitates installation when a pressure 22 differential is induced by suction on the caisson lid, which pushes the caisson to penetrate 23 into the seabed. This is achieved by pumping out the water trapped in the caisson cavity 24 after initial penetration under self-weight [5] [6] [7] [8] . The skirt can improve the foundation 25 bearing capacity by trapping the soil between them during undrained loading [9] [10] . A 26 number of studies have been conducted on the investigation of bearing capacities of 27 caisson foundations. However, in the most of the former studies the foundation was either 28
analysed as a skirted strip foundation using finite element analyses (FEA) and upper 29 bound solutions or as a surface circular foundation using three-dimensional FEA without 30 considering the skirt length in the simulation [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . On the other hand, offshore 31 foundations are three-dimensional and embedded. The skirt length has a considerable 32 impact on their bearing capacities. Only few studies were performed by considering the 33 caisson foundation using three-dimensional model. Most of these analyses did not 34 comprehensively covered a wide range of practical embedment ratios or investigate all 35 vertical, horizontal and moment bearing capacities [21] [22] . A summary of previous 36 studies on undrained bearing capacities and failure envelopes of shallow foundations are 37 presented in Table 1 . 38
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In the present study the main objective is to perform three-dimensional (3D) undrained 40 numerical simulations to predict the bearing capacity of caisson foundations under 41 uniaxial and combined loading conditions. The present study refers mainly to the work 42 done by Gourvernec [18] , Bransby and Randolph [11] , which are essentially plane strain 43
analyses. It has been justified that within such context, the assumption of full bonding 44 between the caisson and surrounding soil is plausible (especially that suction 45 development at the interface in undrained condition prevents separation). Hence, the 46 work performed in the current paper has been limited to a similar context, taking 47 advantage of efficient numerical computations and reasonable computational time. An 48 extension of the present work by implementing interfaces would shed more light on the 49 accuracy of both plane strain and 3D models, but such an extension is beyond the scope 50 of the present paper. 51
In this paper, a series of three-dimensional finite element analyses using ABAQUS [23] performed to obtain accurate results in a reasonable computational time. The mesh is 77 extended 5D from the caisson foundation centre line and top of the soil, respectively so 78 that the failure loads are not sensitive by their position or to the boundary conditions. The 79 caisson thickness is considered 4×10 -3 D, which reflects a reasonable value for typical 80 caisson foundations. Displacements in all three coordinate directions (x, y and z) at the 81 bottom of the base of the mesh were completely fixed, and also normal displacements on 82 the lateral boundaries were prevented. 83 The caisson foundation nomenclature and the sign convention which is adopted in this 84 study are presented in Figure 2 . 85 Figure 2 In order to model the soil, first-order, eight-node linear brick, reduced integration 86 continuum with hybrid formulation element (C3D8RH) is employed. The hybrid 87 elements are appropriate to model the behaviour of near-incompressible materials such as 88 undrained soils [18] . 89
Material modelling 90
In this study the soil is modelled as a linear elastic-perfectly plastic material based on the there is no detachment between the soil and the foundation [13] . This assumption for 97 interface is particularly relevant to caisson foundations since they have a significant uplift 98 capacity, especially for short term loading [11] and the developed suction at the interface 99 prevents separation in undrained condition. A tensile resistance develops at the foundation 100 level under undrained loading condition due to suction pressure within the soil plug.
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Loading path 102
In this study the loading is applied using a displacement-controlled method by prescribing 103 vertical (w), horizontal translation (u) or rotation (θ) at the reference point RP (Figure 2) . 104
It should be mentioned that, due to the capability to predict post-failure conditions, the 105 displacement-controlled method, is more appropriate than the stress-controlled method 106 for achieving failure loads [14, [24] [25] . In order to obtain failure envelopes in V-H and V-107 M spaces the so-called "side-swipe" test is performed. This method was firstly used by 108
Tan [26] during his centrifuge test, and consists of two stages. Initially, a given 109 displacement at one direction (typically vertical) is applied to the foundation until 110 bringing the foundation to the failure condition. In the second stage, displacement in 111 other degrees of freedom is prescribed whilst the vertical displacement increment is set to 112 zero and the foundation is "swiped" either horizontally or in rotation. The stress path in 113 the second stage can almost define the shape of the failure envelope because the elastic 114 stiffness is much larger than the plastic stiffness. Advantageously, this method is able to 115 determine a large section of the failure envelope in a single test. 116
Finite element analysis results
117
Vertical bearing capacity 118
Firstly, it should be mentioned that to achieve results which can be applied to any caisson 119 geometry and undrained soil strength the obtained data from this study are normalised 120 with respect to the foundation diameter (D) and undrained soil strength (S u ). 
(1) Figure 6 
Comparing vertical bearing capacity with other published data
140
The results for vertical bearing capacity factors are compared with other published data. 141
For the circular surface foundation (L/D=0), a vertical bearing capacity factor N cv = 6.2 142 was obtained which represents an overestimation of 2.5% compared to the exact solutions 143 of V ult = 6.05 A.S u [27] [28] [29] . Table 2 presents a brief comparison between the vertical 144 bearing capacity factors of circular surface foundation proposed by different approaches. 145 Table 2 It should be highlighted that exact solutions of the vertical bearing capacity of skirted 146 strip or embedded three-dimensional foundations are not available. However, for 147
comparison, an upper bound solution for a fully rough, embedded strip foundation has 148 been obtained by Bransby and Randolph [11] , and Plane-strain finite element results for 149 fully rough caisson foundations have been conducted by Gourvenec [18] . A prediction 150 from the conventional vertical depth factor [30] is also presented in Figure 7 . 151 Figure 7 It can be seen from Figure 7 that the values of the undrained vertical bearing capacity of 152 caisson foundation based on Skempton's depth factor are considerably small compared to 153 the prediction by either this study or other published data for a rough foundation. For 154 instance, the conventional Skempton's method underestimated the amount of vertical 155 bearing capacity by more than a 45% for L/D = 0.5. Indeed, although conventional depth 156
factors have been applied to rough and smooth, circular and strip foundations, they have 157 been originally suggested for smooth-sided circular foundations [18] . In other words, the 158 bearing capacity predicted by the conventional method does not consider the contribution 159 of the friction between skirt and soil. 160
Additionally, a comparison between this study and a finite element analysis performed by 161
Gourvenec [18] indicates that, using a plane-strain analysis for caisson foundation 162 underestimates the vertical bearing capacity factor (e.g about 17% for L/D = 1). This 163 difference can be explained by the fact that in a 2D analysis, the effects of foundation 164 shape and soil-structure interaction are not considered properly. Meanwhile, a three-165 dimensional analysis allows the additional soil deformation mechanism to be taken into 166 consideration. 167
of 24
The upper bound solution by Bransby and Randolph [11] also underestimates the actual 168 bearing capacity. Because the caisson foundation was described using a two-dimensional 169 model. It should be also noted that since in the upper bound solution, the effect of an 170 increasing embedment ratio (L/D) on the failure mechanism has not been considered, the 171 linear increasing trend of vertical bearing capacity is not beyond the expectation. Based on these results a linear relationship can be expressed to explain the maximum 187 horizontal depth factor
for the embedment ratios up to 188 unity, where 1 Figure 11 13 of 24
Comparing horizontal bearing capacity with other published data
190
The calculated results for maximum horizontal bearing capacity factor by Gourvenec [18] 191 and Bransby and Randolph [11] are shown in Figure 12 was observed by [21] , therefore the difference between the ultimate and maximum 218 horizontal bearing capacity is small ( Figure 13) . the fact that at larger embedment depth, the effect of coupling between horizontal and 238 rotational degrees of freedom becomes more discernible. Indeed, at larger embedment 239 depths, more sliding and less rotation accompany the failure mechanism. Figure 16 (a-d)  240 shows the failure mechanism under pure moment load by incremental displacement 241 vectors for various embedment ratios. 242 Figure 16(a-d) The scoop mechanism can be detected from Figure 16(a-d) for the failure mechanism 243 under pure moment load, in which there exists a clear distance between the rotation 244 centre and the foundation tip. In addition, by increasing the embedment length, the centre 245 of rotation tends to move towards the foundation level. 246
Based on these obtained results the following quadratic equation is proposed to express 247 the ultimate moment capacity depth factor
, in which 248 Figure 17 
Comparison of the ultimate moment bearing capacity with other published data
250
The calculated results for the ultimate moment bearing capacity factor by Gourvenec [18] 251 and Bransby and Randolph [11] are presented in Figure 18 . These results are compared to 252 the three-dimensional finite element predictions performed in this study. 253 Figure 18 It can be observed from Figure 18 that for embedment ratios less than 0.5 there is no 254 significant difference between the predicted results by this study and those achieved with 255 a plane-strain finite element analysis [18] . A similar observation can be made regarding 256 the comparison with the upper bound by Bransby and Randolph [11] . This later solution 257 is based on a cylindrical scoop cutting the edge of the foundation. 258 However, the difference becomes more pronounced as the embedment ratio increases 259 (e.g. L/D > 0.7).This discrepancy reflects the fact that a three-dimensional analysis takes 260 into account the foundation shape, which is ignored in the two-dimensional model. In 261 fact, the effect of foundation shape clearly indicates that by increasing the embedment 262 ratios (e.g. L/D ≥ 0.7) the increasing rate of ultimate moment capacity decreases due to 263 the effect of coupling between rotation and horizontal degrees of freedom. Hence, for 264 larger embedment ratios, more sliding and less rotation govern the failure mechanism 265 Figure 16(a-d) . 266
Failure envelopes 267
Failure envelopes provide a practical way to visualise the behaviour of foundations under 268 combined loading conditions. For loading conditions inside the envelope, the foundation 269 response is elastic. The boundary of the envelope corresponds to the yielding of the 270 foundation. Mainly, side-swipe test and constant displacement method which are both 271 based on displacement control have been used by various researchers to capture the shape 272 of the yield-locus. In this study, side-swipe method is employed to obtain failure 273 envelopes under combined vertical-horizontal and vertical-moment loading conditions. 274
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As it was mentioned in section 2.3 this method was used for the first time by Tan [26] . 275
The first and second stages of the side-swipe method are shown in Figure 19 by probes 276 AB and BC respectively. Probe AB is obtained by prescribing a given displacement 277 (typically vertical) to the foundation until the ultimate load is reached. At the next stage, 278 indicated by the probe BC in Figure 19 a second displacement (horizontal or rotational) is 279 prescribed to the foundation while the vertical displacement increment is set to zero. 280 Figure 19 An increasing trend was observed in the value of the ultimate vertical bearing capacity 307 factor for an increasing embedment ratio. However, the results (Fig 4 and Fig 6) indicate 308 that such an increase is less pronounced for L/D ≥ 0.7, due to the transition of the failure 309 mechanism as it was illustrated in Fig 5(a-b) . 310
On the other hand, the maximum horizontal bearing capacity is found to increase linearly 311 for embedment ratios up to unity. The numerical simulations revealed that under pure 312 horizontal translation, a pure sliding mechanism governs failure. Moreover, the maximum 313 horizontal bearing capacities were compared with the ultimate horizontal capacity of 314 caisson foundations and have indicated that constraining the rotation degree of freedom 315 causes an improvement in the horizontal bearing capacity of caisson foundations. 316
The results have shown that the rate of ultimate moment capacity decreases for 317 embedment ratios (L/D) ≥ 0.75, which can be explained to be due to the fact that at larger 318 embedment depths, more sliding and less rotation accompanies the failure mechanism. 319
Moreover, the failure mechanism under maximum horizontal load and ultimate moment 320 Table 1 : A summary of studies on undrained bearing capacities of shallow foundation 
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